Infant formula is designed to provide the human infant with a sole source of nutrition and it is intended to imitate breast milk. In recent years, advances in the science of infant nutrition have led to an increasing number of novel ingredients that are supplemented into infant formula. As the list of these nutritionally important nutrients is lengthy, this review summarizes contemporary analytical methods that have been applied to a representative selection (lutein, carnitine, choline, nucleotides, inositol, taurine, sialic acid, gangliosides, triacylglycerides, oligosaccharides, α-lactalbumin, and lactoferrin).
Introduction
Despite evolutionary adaptation to the species specificity of mammalian milk, there is abundant evidence for the use of unmodified domesticated animal milk in human infant feeding as far back as 2000 B.C. Fast forward to the modern era, and since the early to mid -20 th century, the continual humanization of primarily bovine milk has been the fundamental intent that supports the manufacture of modern infant formulas that are designed to provide the human infant with a sole source of nutrition that more closely resembles breast milk. Indeed, such initiatives have also been adopted where other sources, such as caprine milk and soy, have been exploited. Other articles in this Special Guest Editor Section discuss the significant compositional differences between bovine milk and human milk and the evolution of industry processing and formulation advances to address this complex issue.
International legislation mandates a very wide range of nutritional components (>30) that must be declared as within accepted limits to ensure compliance with regulatory bodies across borders, and constituent carotenoids further (13, 15, 16, 21, 22) . Nonetheless, in view of the potential presence of both multiple structural and cis-trans isomeric forms in foods, UHPLC using an as-yet commercially unavailable UHPLC C 30 carotenoid column, coupled to both PDA detection and highresolution MS, has been proposed for the unequivocal analysis of all carotenoids, including lutein (23) .
Methods for the analysis of lutein in infant formula to support label claims have been reported as using RPLC following, most commonly but not exclusively, saponification and solventextraction techniques (8, (24) (25) (26) . The Stakeholder Panel on Infant Formula and Adult Nutritionals (SPIFAN) membership supported multi-analyte testing of lutein with other carotenoids to include α-carotene, β-carotene, and lycopene. A Standard Method Performance Requirement (SMPR) that mandates both chromatographic resolution of lutein and zeaxanthin and the differentiation of cis-and translutein isomers has been defined. Candidate methods for potential AOAC Official Method status are currently under review for their potential to achieve official dispute resolution method status.
Carnitine
L-Carnitine is a quaternary ammonium compound that is biosynthesized from the amino acids lysine and methionine and is considered a conditionally essential nutrient, with dietary supplementation being particularly important during infant development. The key functional role of carnitine is the transport of fatty acids across the mitochondrial membrane where they undergo β-oxidation for energy production (27) . Carnitine is found in milk as free carnitine and short-, medium-, and longchain acyl carnitine. However, as acid-insoluble long-chain acyl carnitines are a minor component, total carnitine quantitation is usually restricted to the sum of free carnitine and short-and mediumchain acyl carnitine forms (28) .
Strategies for sample preparation depend on which carnitine forms are the targets of the analysis.
For the purpose of routine product release, analysis of infant formula is often limited to analysis of supplemented and endogenous free carnitine. Sample preparation for the analysis of free carnitine is straightforward, with protein removal being achieved by the use of acid (29, 30) or centrifugal ultrafiltration (31) .
As carnitine lacks a chromophore, the analysis of carnitine in infant formula in the past has commonly been performed by an enzymatic assay (30) . The method is based on the carnitine acetyltransferase-initiated acetylation of carnitine and the subsequent stoichiometric release of coenzyme A, which reacts with dithio-nitrobenzoate to form the chromophore detected at 412 nm.
To detect total carnitine, different saponification strategies allow soluble and insoluble esters to be The proliferation of LC-MS for routine analysis has led to the development of less labor-intensive methods for the detection and quantitation of carnitine. A microwave-assisted acid hydrolysis technique was developed for the analysis of free carnitine and total choline in four food-based certified reference materials including infant formula (33) . A simplified technique for the analysis of free carnitine by dilution and filtering makes use of the high degree of selectivity and sensitivity of modern LC-MS/MS instruments (34).
Sample preparation for total carnitine typically consists of acid precipitation of protein followed by alkaline hydrolysis to release short-to medium-chain acyl carnitines (28, 30, 35) , although direct saponification without previous protein removal is described in AOAC First Action Method 2014.17 (36) .
Under reversed-phase conditions, chromatographic separation of carnitine is challenging because of its ionic nature. Ion pair (IP) chromatography using heptafluorobutyric acid has been used to retain carnitine on C 8 (34) and C 18 (29) stationary phases. Alternative column chemistries can offer significant advantages for the retention of polar and ionic analytes without the need for IP reagents and hydrophilic interaction liquid chromatography (HILIC) columns (36) , and mixed-mode reversedphase and ion-exchange columns (33, 35) have been used. Mixed-mode columns allow for a high degree of selectivity by modification of mobile-phase pH, ionic strength, and organic solvent, which may be beneficial, particularly in the analyses for which MS/MS is not used. Electrospray ionization (ESI) in positive mode with either MS (29, 33) or MS/MS (34) (35) (36) has been applied to the quantitative analysis of carnitine.
Choline
Choline is a low molecular mass, quaternary amine, zwitterionic compound that is considered a conditionally essential nutrient, especially for the human infant dependent on a single nutritional source. In the human, choline is the precursor for the neurotransmitter acetylcholine, which is an important structural and signaling component of cell membrane phospholipids and, via betaine, functions as a significant source of labile methyl groups in intermediate metabolism. Choline plays a critical role during fetal neural tube development, stem cell proliferation, and apoptosis, with significant consequences for brain structure and lifelong function. Choline deficiency can manifest as fatty liver and hemorrhagic kidney necrosis, with prolonged deficiency leading to potential However, infant formula products are currently considered safe when supplemented to levels that are equivalent to the free nucleotide concentrations in human milk (61) .
Methods for the analysis of nucleotides in infant formula have been reviewed previously (62) . In recent years, advances in column and instrument technology have led to the development of new methods that offer fast, reliable, and accurate analyses of nucleotides in infant formulas.
Various approaches have been used to remove protein material before chromatographic analysis.
Protein precipitation with acids, such as perchloric (63) , formic (64) , hydrochloric (65), trichloroacetic (66) , and acetic (67, 68) , followed by neutralization, filtering, or centrifugation steps, has been used. (64, 68, 69, 71) . HILIC is particularly advantageous when coupled to MS detectors, in that the high organic content of the mobile phase enhances spraying and desolvation, thereby increasing signal intensity; also, there is less need for gradient elution, thereby reducing the impact of variances in the composition of the mobile phase on ion suppression.
CE has been used to separate nucleotides in infant formula (67, 72 Although LC detection using UV is still common (63, (65) (66) (67) (68) (69) (70) , MS and MS/MS with ESI in both positive (64, 71, 73) and negative (72) modes have increasingly been adopted. The use of MS/MS with isotope-labeled internal standards provides for a highly selective and accurate assay.
A method for the analysis of nucleotides in infant formula has been studied collaboratively (74) as part of the SPIFAN process to validate reference methods in infant formulas, and it is now an AOAC Final Action method (75, 76) .
Inositol
Inositol is a cyclohexitol sugar that can exist in nine possible stereoisomeric forms, although only myo-inositol has confirmed biochemical significance in eukaryotic cells as the structural basis of several secondary messengers, including multiple inositol phosphates, phosphatidylinositol, and phosphatidylinositol phosphate lipids (77) (78) (79) . In humans, myo-inositol was initially classified as a Bgroup vitamin, as a dietary source was originally considered essential. However, it is now regarded as a conditionally essential nutrient, given that most mammals, including humans, are capable of its in vivo synthesis from glucose-6-phosphate (79).
Although present as free myo-inositol, the compound is more commonly found in foods with various degrees of phosphorylation. For example, inositol hexaphosphate (phytate), which is present in many plant-based foods, is considered to be unavailable in humans and has historically been Milk is a significant source of myo-inositol, with human milk containing higher levels than bovine milk, and myo-inositol is therefore added to infant formulas to ensure against potential deficiency during early neonatal development (82) . Although the Codex Alimentarius Commission legislates a and HPLC or UHPLC coupled with MS (95) (96) (97) . A review has summarized the techniques that are applicable for the analysis of inositol and related compounds, albeit specific to soybean tissues (98) .
A GC method for the compliance analysis of the total myo-inositol content in milk, infant formula, and adult nutritional products, using acid hydrolysis and conversion to the volatile trialkylsilyl derivative, has been reported (88) . The AOAC International SPIFAN initiative has adopted two procedures, both based on acid hydrolysis followed by HPAEC-PAD, as Official First Action (99, 100) for application to infant formulas and adult nutritionals. The methods prescribe equivalent HPAEC-PAD conditions and, although both yield comparable results when applied to the analysis of free myo-inositol, there are differences when applied to bound analyte because of fundamental differences in sample preparation. AOAC 2012.12 (100) adopts an exhaustive acid hydrolysis to recover total myo-inositol before end-point analysis, whereas AOAC 2011.18 (99) aggregates free and phosphatidyl-bound myo-inositol, which are estimated in two separate determinations. The latter method has been adopted as an AOAC Final Action method following a multi-laboratory study.
Taurine
Taurine, 2-aminoethanesulfonic acid, is prudently added to infant formulations as part of the widespread strategy to match infant formula with human breast milk, and to adult energy drinks, perceivably to improve brain cognition. As it is involved in many biochemical reactions, a deficiency of taurine can have serious consequences for individuals who are unable to process sufficient in vivo concentrations (101, 102) . Sometimes referred to as an amino acid, it is not found within protein structures and it is easily extracted from milk, milk powders, and infant formulations (103) . As it is a small molecule without a chromophore, detection of the extracted taurine requires derivatization or electrochemistry in the same way as for many other amino acids or carboxylic acids.
Traditional amino acid profiles were obtained using ion-exchange columns to separate underivatized amino acids, followed by postcolumn ninhydrin reaction in discrete amino acid analyzers (104, 105) . (110) also used dansyl chloride derivatization to detect taurine in formulations, but used heat to accelerate the reaction.
Other derivatization chemistries in pre-column format, such as 4-fluoro-7-nitrobenzofurazan (111) and 2,4-dinitrofluorobenzene (112), have been used for taurine detection in milk and beverages.
Taurine in cheese has also been separated from many other free amino acids as phenylisocyanate derivatives (113) . The authors also describe many other derivatization reagents that are available for the pre-column or post-column determination of amino acids, many of which are potentially suitable for the detection of taurine. In offline mode using manual derivatization, slow-reacting derivatives are preferred, thereby improving method performance. The increasing availability of injector automation has provided new focus to instrumental pre-column derivatization with ophthalaldehyde, a technique that has been successfully used with UV detection for infant formula and breast milk (114) , with fluorescence detection for biological fluids (115) , and electrochemically for tissues (116) . If AOAC 997.05 (108) is to be replaced as the preferred SPIFAN method for taurine, then an automated o-phthalaldehyde reaction provides a potentially good option.
A viable alternative to precolumn derivatization is the use of cation IEC with PAD, in which taurine is detected electrochemically in its native state. This technology has been demonstrated successfully for the quantitation of taurine in dietary supplements and urine (117), various mammalian milks (118) , and a wide variety of foods (119) .
Despite the advantages demonstrated by LC-MS for detecting taurine in supplemented beverages (120) and the need for ultimate sensitivity and selectivity for taurine and its metabolites (121), routine quality assessments of taurine in infant formulas are probably adequately provided by existing reversed-phase HPLC or IEC technologies. This situation would change for multi-component testing or in matrices in which taurine is not easily discriminated, such as protein hydrolysates.
Published
Sialic Acid
Sialic acid is the trivial name for a family of acylated derivatives of a 9-carbon carboxylated monosaccharide, with the most common forms being Neu5Ac (N-acetylneuraminic acid) and Neu5Gc
(N-glycolylneuraminic acid). Human milk contains predominantly Neu5Ac bound to free oligosaccharides, whereas bovine milk contains both Neu5Ac and significant quantities of Neu5Gc bound to glycoproteins. Although the nutritional importance of sialic acid is not yet well understood, it might be a conditionally essential nutrient and may play a role in brain development (122) (123) (124) .
The analysis of sialic acids in dairy products has been reviewed (122) . Infant formula samples are typically reconstituted in water; however, pretreatment by removal of the fat layer postcentrifugation and protein precipitation with trichloroacetic acid (10% w/v) has also been reported (125) . Acid hydrolysis using sulfuric acid is typically performed with sample digestion at 80°C for 1-2 h (125-130).
Sample cleanup using SPE anion-exchange resins (Dowex 1X8) has typically been used (127) (128) (129) , although more recently, the Dionex OnGuard II A SPE cartridge has been reported as simplifying the analysis and reducing the test time (126) . Published
Gangliosides
Gangliosides are a group of glycosphingolipids comprised of a hydrophilic oligosaccharide chain with one or more sialic acid moieties and a ceramide group consisting of sphingosine and fatty acids with a variety of chain lengths and degrees of saturation (122, 131) . The ganglioside classes of GD3 and GM3 account for >80% of the total ganglioside content in bovine milk (132) , but comprise approximately 50% of the total ganglioside content in human milk (133) .
The extraction of gangliosides from dairy products is complex because of the high fat content and their localization in the milk-fat globule membrane. Typically the extraction of gangliosides from infant formulas is based on modifications to the extraction method described by Svennerholm and Fredman (134), whereby the gangliosides are extracted twice from the sample matrix, the supernatants are pooled, and the gangliosides are separated from other lipids by phase partitioning with water (131, 132, 135) . A Folch extraction with methanol: chloroform: 0.01M KCl (132) or SPE (131, 135) has been used to purify the crude lipid extracts further.
Total gangliosides can be quantitated in purified extracted lipid by sialic acid determination, and this technique has been used in the determination of gangliosides in infant formulas (133). LC-MS
affords a high degree of selectivity, sensitivity, and robustness, and can be applied to the routine analysis of analytes in difficult matrices, and such methods for the determination of gangliosides in milk and infant formulas have been reported (131, 132 ). An RPLC separation of GD3 and GM3 was performed with ESI in negative mode, with compensation for suppression effects, necessitating quantitation by multilevel standard addition via the autosampler, adding a significant burden to the test cost and the total analysis time (131) . A reduction in analysis time was achieved with the development and validation of a HILIC-MS method for the analysis of GM3 and GD3. No matrix effects were observed with this method, allowing for external standardization and thereby simplifying and speeding the analysis (132) . Further enhancements to ganglioside analysis have been achieved, with the publication of a UHPLC-MS/MS method for the analysis of GD3 and GM3 in which the run time was reduced to 8 min and quantitation was achieved by an internal standard using GM1 (135) .
Triacylglycerides
The esters formed between glycerol and fatty acids produce a vast array of potential mono-, di-, and triacylglycerides that have been studied well because of their contribution to energy production, body insulation, and as a source of specific polyunsaturated fatty acids (136, 137) . The situation regarding GOS is more difficult, but Austin et al. (176) tackled this using a Dionex IC system equipped with a CarboPac PA 100 column to measure GOS in infant formulations.
Calibration was achieved using two common marker peaks found in the sample and the raw ingredient material. Additionally, fluorescent derivatization with 2-aminobenzamide provided a promising quantitative method for GOS in infant formulations, the molecular mass of each oligomer being decided by flow splitting to a mass spectrometer.
MS detectors have been very successful in oligomer identification based on fragmentation patterns (177-179) and they lend themselves to the routine testing of infant formulations in the future. α-Lactalbumin is a critical component of the lactose synthase system within the mammary gland, and its structural similarity to lysozyme suggests an evolutionary relationship (180, 182) . Aggregated forms of human apo-α-lactalbumin have been reported to be apoptotic to certain tumor cells, which is speculated to be protective to the suckling neonate (183) .
α-Lactalbumin
α-Lactalbumin is of high nutritional value to the neonate, and it is a source of the essential amino acids tryptophan and cysteine. Based on the accepted nutritional suitability of human milk, infant formulas derived from bovine milk are increasingly humanized by adding bovine whey protein fractions enriched with α-lactalbumin to provide a plasma amino acid profile that is comparable with that of breast-fed infants (184) . Research suggests that α-lactalbumin may also be physiologically active by moderating gut microflora, mineral absorption, and immune function (181) .
The increasing trend toward the supplementation of infant formulas with α-lactalbumin, and its potential as a marker of heat treatment, have stimulated the need for reliable concentration assays for its determination at endogenous levels in milk, at supplemental levels in infant formula, and at pharmaceutical levels in milk protein isolates. Many analytical techniques are available for the determination of α-lactalbumin, either alone or simultaneously with other whey proteins, with a range of electrophoretic and LC strategies commonly described and more recently incorporating MS detection (185) (186) (187) (188) (189) (190) (191) (192) (193) .
In view of their inherent specificity for native protein conformation and their sensitivity, immunological methods offer an alternative quantitative approach, and they have also found application in studies of the denaturation of α-lactalbumin and species adulteration of milk-based products. Radial immunodiffusion, nephelometric immunoassay, immunoelectrophoresis, and enzyme-linked immunosorbent assay (ELISA) techniques have commonly been described for the determination of α-lactalbumin in milk, with surface plasmon resonance (SPR) based biosensor methods being reported more recently (193) (194) (195) (196) (197) (198) (199) (200) (201) (202) (203) . A notable attribute of biospecific biosensor immunoassays is the inherent sensitivity of SPR detection, facilitating direct sample dilution in buffer in advance of automated analysis.
Lactoferrin
Lactoferrin is an approximately 80 kDa, basic (pI: approximately 9.0), iron-binding, bilobal secretory transport sialylated glycoprotein of known amino acid sequence, and is a member of the transferrin (205, 206) . Although lactoferrin is present in milk as a result of in situ synthesis within the mammary gland, it is also present in several other exocrine fluids. The fact that milk shares several antimicrobial components, including lactoferrin, with other glandular secretions might be evidence of functions that predate the nutritional role of lactogenesis (207) . In addition to its antimicrobial activity, lactoferrin, and its proteolysis-generated peptide lactoferricin, might function as a prebiotic in intestinal iron uptake and regulation, immune response, growth-factor activity, and antioxidant activity (205, 208, 209) . The lactoferrin content is species dependent, with significantly higher levels in human milk and colostrum than in the bovine equivalent (210) . Based on the accepted nutritional suitability of human milk, infant formulas derived from bovine milk are increasingly humanized by their supplementation with fractionated lactoferrin isolated from bovine milk or whey (recombinant human lactoferrin has also been advocated) (211, 212) , despite a 69% primary sequence homology with human lactoferrin and a poorly characterized understanding of its absorption in the infant gastrointestinal tract.
The increasing commercial interest in exploiting the therapeutic value of lactoferrin has stimulated the need for reliable concentration assays for its determination at endogenous levels in milk and colostrum, at supplemental levels in infant formulas, and at pharmaceutical levels in milk protein isolates. Analytical chromatographic techniques for bovine whey proteins have been reviewed (187, 213) , with LC, UHPLC-MS/MS, and electrophoretic techniques for the quantitation of lactoferrin in milk, whey, and infant formulas being reported (214) (215) (216) (217) (218) (219) .
A review of the immunological techniques that are available to estimate the concentration of lactoferrin concluded that immunodiffusion techniques have inherently low sensitivity and have generally been superseded by the more sensitive ELISA techniques (220) . More recently, enzymatic and nephelometric immunoassays for lactoferrin in milk have been reported (221) (222) (223) (224) (225) (226) .
Conventional immunoassay techniques have been further enhanced through the development of immunosensor platforms exploiting electrochemical transduction techniques, which have been applied to the determination of lactoferrin in mammalian milk (227, 228) . Alternative real-time, label-free optical biosensor techniques based on SPR transduction have also been reported for the quantitation of lactoferrin in bovine milk and infant formula milk (194, 229) . Such automated biosensor immunoaffinity technologies exploit the specific and reversible interaction between antibody and protein antigen, and they are versatile, robust, and capable of producing rapid and reliable data for the quantitative analysis of lactoferrin, and other proteins, in complex food matrices with minimal sample preparation. 
